Endometriosis affects ~10% of women of reproductive age. It is characterized by the growth of endometrial-like tissue outside the uterus and is frequently associated with severe pain and infertility. We performed the largest endometriosis genome-wide association study (GWAS) to date, with 37,183 cases and 251,258 controls. All women were of European ancestry. We also performed the first GWAS of endometriosis-related infertility, including 2,969 cases and 3,770 controls. Our endometriosis GWAS study replicated, at genome-wide significance, seven loci identified in previous endometriosis GWASs (CELA3A-CDC42, SYNE1, KDR, FSHB-ARL14EP, GREB1, ID4, and CEP112) and identified seven new candidate loci with genome-wide significance (NGF, ATP1B1-F5, CD109, HEY2, OSR2-VPS13B, WT1, and TEX11-SLC7A3). No loci demonstrated genome-wide significance for endometriosis-related infertility, however, the three most strongly associated loci (MCTP1, EPS8L3-CSF1, and LPIN1) were in or near genes associated with female fertility or embryonic lethality in model organisms. These results reveal new candidate genes with potential involvement in the pathophysiology of endometriosis and endometriosis-related infertility.
Introduction
Endometriosis affects ~10% of women of reproductive age and is characterized by the growth of endometrial-like tissue outside the uterus. The ovary is the organ that is most often affected by endometriotic lesions [1] , but other organs, including the bowel, fallopian tubes, or bladder, can be affected. Endometriosis is an estrogen-dependent inflammatory disease, with the endometriotic lesions continuing to respond to estrogen and to thicken following the menstrual cycle, creating inflammation and scar tissue called adhesions. The adhesions and associated inflammation are thought to underlie the symptoms of endometriosis, which include pelvic pain, dysmenorrhea, and pain during intercourse.
Endometriosis is also frequently associated (30-50%) with infertility [2] . Women with endometriosis have a lower monthly fecundity rate than fertile controls [3] . A meta-analysis of 22 published studies showed that women with endometriosis undergoing in vitro fertilization (IVF) had significantly reduced oocyte retrieval, fertilization, and implantation rates, as well as a significantly lower chance of achieving pregnancy, compared to patients with tubal factor [4] .
Women with endometriosis-related infertility tend to have a longer time to natural conception than women with idiopathic infertility [5, 6] and longer time to conception through artificial insemination than women with no female infertility factors [7] . Even mild endometriosis can affect a woman's fertility, and infertility-related endometriosis may be associated with endometriosis grade-for example, pregnancy rates following IVF were significantly lower in women with severe endometriosis than in women with mild endometriosis [4] . Endometriosis may also reduce oocyte quality, as suggested by a study in which women who received oocytes donated by women with endometriotic ovaries had a lower implantation rate than those receiving oocytes donated by women without known endometriosis [8] .
The causal mechanisms of endometriosis-related infertility are not fully understood. Different aspects of endometriosis may lead to infertility, and the exact cause of endometriosis-related infertility in each patient may depend on the course of her specific pathology. Proposed mechanisms for endometriosis-related infertility include ovarian-tubal dysfunction, immunological disorder, abnormal peritoneal environment, and dysregulated endometrial function [9] . Ovarian-tubal dysfunction could be caused by a distortion of the ovary and/or fallopian tube affected by endometriotic lesions, ovulation failure, or abnormal follicle development. An immunological disorder could be caused in part by the IgG and IgM antiendometrial antibodies, which have been detected in 60% of endometriosis patients and could impair implantation [10] . Abnormalities in the peritoneal environment could include increased peritoneal fluids and a higher concentration of cytokines and/or activated macrophages.
Women with endometriosis-related infertility have an increased volume of peritoneal fluid, and this fluid may have increased levels of inflammatory cytokines due to the activation of macrophages by the endometriotic lesions. Activated macrophages increase reactive oxygen species in the peritoneal fluid of women with endometriosis [11] , causing oxidative stress, which has been associated with negative outcomes in assisted reproductive technology fertilization [12] . For example, this increase in cytokines may reduce oocyte quality, sperm motility, and tubal motility, and impair embryo development. Finally, endometrial receptivity is a crucial process to achieve pregnancy and involves complex regulation of hormones, cytokines, and adhesion molecules. This process may be dysregulated in women with endometriosis.
Laparoscopy is currently the only way to diagnose endometriosis with certainty. It involves a surgical procedure in which a surgeon visualizes the endometriotic lesions or collects tissue samples for histologic assessment. Laparoscopy is often used to excise the endometriotic lesions to relieve pain, but symptoms often return in following years. Because endometriosis pain levels and disease severity are not directly correlated, the diagnosis and grading of endometriosis without surgery is difficult. However, because of the invasive nature of the diagnostic procedure, women with suspected endometriosis are often treated with hormone therapy without a definitive diagnosis. Despite its high prevalence and its association with severe pain and infertility, treatment for endometriosis remains limited. Surgical and medical management of endometriosis can help treat symptoms. Surgical management increases the monthly fecundity rate of women with endometriosis but even with surgical management, it remains much lower than in the general population [13] . Hormone treatments include oral contraceptives, androgenic agents, progestins, and gonadotropin-releasing hormone analogs, but they are not always effective.
Endometriosis is a complex trait, with both genetic and environmental factors contributing to the pathophysiology of the disease. The heritability of endometriosis is estimated to be 47-51% [14, 15] , but the 13 loci identified by previous genome-wide association studies (GWASs) only explain 1.75% of the phenotypic variance [16] [17] [18] [19] [20] [21] [22] [23] . 
Materials and Methods

Participants
Participants in this study were customers of the consumer genetics company 23andMe, Inc., Institute. Samples were genotyped on one of four custom genome-wide genotyping arrays targeting 560-950k SNPs. Only samples that achieved an average genotyping rate ≥98.5% were included in the analysis.
Quality control
Genotyped SNPs were excluded if they had a genotyping rate of <90%, did not pass a parentoffspring concordance test, were monomorphic, were not in Hardy-Weinberg equilibrium (p<1×10 −20 ), or showed batch effects.
Imputation
Imputation was performed using the September 2013 release of the 1000 Genomes Project Phase I as reference haplotypes. The phasing was performed with ShapeIt2 and the imputation with Minimac2. Imputed SNPs were flagged and excluded if they had an average r 2 < 0.5 across genotyping platform or a minimum r 2 < 0.3 or if they showed strong evidence of imputation batch effect (p<10 −50 ).
Principal components calculations
The principal component analysis was performed using ~65,000 high quality genotyped variants present in all five genotyping platforms with 1 million of participants from European ancestry randomly sampled across all the genotyping platforms. PC scores for participants not included in the analysis were obtained by projection, combining the eigenvectors of the analysis and the SNP weights.
Phenotype definition
Case-control ascertainment was based on participants' survey responses. For the endometriosis case-control GWAS, cases were women who reported being treated for and/or diagnosed with endometriosis. Controls were women who reported not being treated for or diagnosed with endometriosis.
For the endometriosis-related infertility GWAS, both cases and controls were women who reported being treated for and/or diagnosed with endometriosis and who had answered at least one question on time to first conception. The time to first conception was ascertained based on their answers to the question(s): "For how long did you try to conceive? If you are currently trying to conceive, please state how long you have been trying up to this point", "The first time you tried to conceive a child, for how long were you trying to conceive? If you are currently trying to conceive for the first time, please answer for how long you have been trying up to this point." The questions regarding time to first conception had multiple choice answers with the following options: 0-6 months, 7-12 months, 13-24 months, 24 months, 24+ months, not successful, and not sure. 'Infertile' cases were defined as women who responded with 13-24 months, 24 months, 24+ months, or not successful (35.7% of women with endometriosis in 23andMe database). Women who responded with 7-12 months (13.1%) or I'm not sure were excluded from the analysis (<0.1%). Controls were women who indicated 0-6 months (51.2%) and reported having at least one biological child.
Statistical analysis
Assuming an additive model, we performed logistic regressions on endometriosis case-control status and on endometriosis-related infertility case-control status with current age, the top five principal components, and the genotyping platform as covariates. The association results were adjusted for the observed genomic control inflation factor in the distribution of the p-values (λ=1.141 and λ=1.011, respectively, Supplementary Figures 1-2 ).
Prioritization of putative functional variants
The 99% credible sets were generated by first calculating an approximate Bayes factor (ABF) for each SNP, using the method proposed by Wakefield [24] and assuming a prior variance (W) of 0.1. The credible sets were then estimated from the ABFs, using the method of Maller et al [25] .
We prioritized genetic variants in the credible sets for further follow-up in GTEx Portal and RegulomeDB and used LDlink [26] to identify potential genetic variants that would not have passed genotyping/imputation QC but would be in high linkage disequilibrium (LD) (r 2 > 0.8 in individuals of European ancestry in the 1000 Genomes Project).
Results
Fourteen loci reached genome-wide significance (p<5×10 −8 ), including seven loci not reported in previous GWASs (NGF, ATP1B1-F5, CD109, HEY2, OSR2-VPS13B, WT1, and TEX11-SLC7A3) ( Figure 1 , Table 3 ). Among the loci that were previously reported in the literature and did not reach genome-wide significance, four were nominally associated (p<0.05) with a consistent direction of effect (FGD6-VEZT, RMND1-ESR1, NPVF-NFE2L3, and CDKN2B-DMRTA1) and two had p-values >0.05 (IGFBP3-TNS3 and TTC39B) ( Table 4 ).
No loci reached genome-wide association with endometriosis-related infertility ( Figure 2 , Table   5 ). Among the 14 loci that reached genome-wide significance in the endometriosis case-control GWAS, four (NGF, CELA3A-CDC42, SYNE1, and KDR) reached nominal association (p<0.05) with shared risk alleles for both endometriosis and endometriosis-related infertility ( Table 3) . Five loci reached suggestive levels of association (p<1×10 −6 ) with endometriosis-related infertility (MCTP1, EPS8L3-CSF1, LPIN1, GRM8, and FSTL5-NAF1) ( Table 5 ).
Discussion
Self-reported endometriosis phenotype
Although the endometriosis phenotype in our study was self-reported, seven endometriosis loci previously identified in GWAS were replicated at genome-wide significance and four were replicated at a nominal level with a consistent direction of effect. Only two loci did not replicate (Tables 3-4 ). These results are concordant with the reported accuracy of self-reported endometriosis phenotypes in comparison with the Swedish National Inpatient Registry with a specificity of 97.0%, a sensitivity of 61.8% and receiver operating characteristics area of 0.79 [27] . However, replicating our novel loci in datasets with surgically confirmed cases is important to avoid identification of loci associated with dysmenorrhea in the absence of endometriosis.
Interestingly, 22.2% of women with endometriosis-related infertility reported having been diagnosed with and/or treated for polycystic ovary syndrome (PCOS), compared to 14.8% of fertile women with endometriosis ( Table 2 ). Because of the complexity of the PCOS diagnosis and the self-reported nature of the PCOS phenotype in our dataset, it is possible that some of the women who reported having PCOS, had anovulation due to their endometriosis [28] , which could contribute to their infertility. It is also possible that PCOS contributes to the infertility of some of our endometriosis-related infertility cases.
Novel endometriosis loci
Seven novel loci were associated with endometriosis at genome-wide significance in our analysis. The novel locus NGF was also associated at genome-wide significance with severity of dysmenorrhea in another study of 23andMe female participants of European ancestry [29] .
Interestingly, the expression level of NGF in the peritoneal fluid has been observed to be higher in women with endometriosis, and blocking NGF significantly decreases neurite outgrowth in endometriotic lesions [30] . Multiple transcription factors have been found to bind the region covered by the credible SNPs set within the NGF locus (Table 6 ). This region also overlaps with predicted enhancers in multiple tissues, including the fetal adrenal gland, fetal stomach, fetal kidney, colon smooth muscle, adipose nuclei, fetal lung, primary monocytes from peripheral blood, fetal muscle trunk, and fetal muscle leg.
The credible SNPs set of the second novel endometriosis locus, ATP1B1-F5, includes the Factor V Leiden (F5) p.Gln534Arg missense variant rs6025, which has been associated with venous thromboembolism [31] [32] [33] , thrombosis [34] , inflammatory bowel disease [35] , and recurrent pregnancy loss [36] , although the risk allele for endometriosis is inverted.
The third novel endometriosis locus is near the gene CD109, which encodes a glycosyl phosphatidylinositol (GPI)-linked glycoprotein that negatively regulates signaling by transforming growth factor beta (TGFB1). TGFB1 is thought to be involved in different aspects of the pathophysiology of endometriosis including endometrial cell proliferation and tissue remodeling [37, 38] .
The fourth novel endometriosis locus is near the gene Hes Related Family bHLH Transcription
Factor with YRPW Motif 2 (HEY2), the expression of which is downregulated by 17β-estradiol in ovariectomized mice [39] . The nearby gene NCOA7 modulates the activity of the estrogen receptor (ER) [40] . The locus has been associated at genome-wide significance with endometrial [41] and breast [42] cancer. It is an eQTL for both HEY2 and NCOA7, is bound by multiple transcription factors (Table 6) , and contains predicted enhancers in multiple tissues including the ovary, psoas muscle, aorta, left ventricle, skeletal muscle in females, fetal lung, fetal adrenal gland, and fetal heart.
The fifth novel endometriosis locus is OSR2-VPS13B. The gene odd-skipped related transcription factor 2 (OSR2) is a transcription factor that is highly expressed in the endometrium and the ovary, and its expression is down-regulated upon progesterone receptor knockdown in human endometrial stromal cells, suggesting that it may be involved in decidualization [43] . In a genome-wide epigenetics study based on CpG methylation, OSR2 showed increased methylation and decreased expression in endometriotic stromal cells compared to stromal cells from normal endometrium [44] . Over 40 transcription factors have been identified as binding the region covered by the credible SNP set (Table 6) , and the region also overlaps with predicted enhancers in numerous tissues. The variant rs3019295, part of the credible SNP set, is in an activated transcription site of OSR2 in the ovary, psoas muscle, and aorta.
The sixth novel endometriosis locus is near the gene Wilms tumor 1 (WT1). WT1 encodes a transcription factor that is highly expressed in the endometrium, the testis, and the ovary, and that has an essential role in the normal development of the urogenital system. It is selectively expressed in neurons of deep endometriosis [45] and is down-regulated in endometriotic stromal cells compared to endometrial stromal cells [46, 47] . The region covered by the credible SNP set overlaps with the binding sites of several transcription factors and with predicted enhancers in multiple tissues.
The seventh novel endometriosis locus is TEX11-SLC7A3. The gene solute carrier family 7 member 3 (SLC7A3) encodes a sodium-independent cationic amino acid transporter, and it is highly expressed in the endometrium. Testis expressed 11 (TEX11) is expressed in the pancreas, testis, and human fetal ovary, and is associated with azoospermia and male infertility [48] [49] [50] [51] [52] .
TEX11 competes with estrogen receptor beta (ERβ) for binding to hematopoietic pre-B cell leukemia transcription factor-interacting protein (HPIP), which modulates the function of ERs [53] . TEX11 suppresses estrogen-stimulated germ cell proliferation and affects the expression of estrogen target genes through its binding to HPIP [53] .
Endometriosis-related infertility association results
No loci reached genome-wide significance in the endometriosis-related infertility GWAS. Of the 14 genome-wide endometriosis loci, only four showed nominal association with endometriosisrelated infertility, suggesting that the genetic factors involved in endometriosis and endometriosis-related infertility may differ.
The most strongly associated locus with endometriosis-related infertility is a rare (minor allele frequency of 8.8×10 −3 ) insertion in the intron of the gene Multiple C2 and Transmembrane Domain Containing 1 (MCTP1). The homolog of MCTP1 in Caenorhabditis elegans (D2092.1) is an essential gene, and its ablation leads to early embryonic lethality [54] . The region covered by the credible set is predicted to contain an enhancer in human umbilical vein endothelial primary cells, fetal lung, fetal muscle leg, and fetal stomach. The protein encoded by MCTP1 is not well characterized, but it is an evolutionarily conserved protein that contains C 2 domains of high Ca 2+ -binding affinity. It may have a Ca 2+ -controlled regulatory function or serve as a Ca 2+ buffer [55] . Functional studies in central nervous system neurons showed that MCTP1 over-expression significantly inhibited neuronal transferrin endocytosis, secretory vesicle retrieval, cell migration, and oxidative stress from glutamate toxicity [56] . If confirmed, the association of this locus with endometriosis-related infertility might involve MCTP1 protecting oocyte homeostasis, maturation, and fertilization from the oxidative stress generated by endometriosis.
The second most strongly associated locus in the endometriosis-related infertility GWAS was EPS8L3-CSF1. The gene CSF1 encodes an estrogen-regulated cytokine that controls the production, differentiation, and function of macrophages. In humans, CSF1 level is increased in the pregnant endometrium compared to the nonpregnant and is high in the placenta throughout pregnancy [57, 58] . In mice, females lacking CSF1 have extended estrus cycles and poor ovulation rates [59, 60] . CSF1 levels are increased in the peritoneal fluid of patients with endometriosis [61] and Csf1 expression was significantly higher in lesions of an endometriosis mouse model [62] . The ER-dependent regulation of CSF1 in peripheral nerve fibers has been suggested to play a critical role in early development of endometriotic lesions [63] and in modulating macrophage survival [62] . Given the potential role of oxidative stress in endometriosis-related infertility, it is also worth noting that the oxidative stress response genes GSTM1, GSTM2, GSTM3, GSTM4, and GSTM5 are < 200kb from the associated variant in this locus, although a high recombination rate separates the genes from the top variant.
The third most strongly associated locus in the endometriosis-related infertility GWAS was LPIN1, which acts as a proinflammatory mediator during TLR signaling and during the development of in vivo inflammatory processes [64] . In mice, Lpin1 is down-regulated in the uterus by estradiol via the ER [65] and Lpin1 deficiency is associated with impaired fertility [66, 67] . Lipin1 might also play a role in the regulation of the uterine cell cycle because it has been found to have anti-proliferative effects in murine pro B cells [68] .
Conclusion
Our study replicated seven loci identified in previous endometriosis GWASs and identified seven new candidate loci with genome-wide significance. These new loci need to be replicated, and further studies are needed to determine the causal variants. Although no loci had genome-wide significance for endometriosis-related infertility in this study, the three most strongly associated loci were in or near genes with roles in female fertility or embryonic lethality in model organisms. These genes are thought to be involved in oxidative stress, macrophage survival, and inflammation. These results provide new candidate genes involved in the pathophysiology of endometriosis and endometriosis-related infertility. Age mean (SD) 56 .0 (13.3) 51.0 (16.5) Body-mass index mean (SD) 27 .4 (6.5) 26.4 (6.2)
Age first-time-to-conception (SD) 24 Age mean (SD) 56 .0 (13.3) 51.0 (16.5) Body-mass index mean (SD) 27 .4 (6.5) 26.4 (6.2)
Age first-time-to-conception (SD) 24 with endometriosis-related infertility Chr: chromosome, Pos: position, RA: risk allele, OA: Other allele, RAF: Risk allele frequency, OR: Odds ratio, P: Pvalue ARID3A, ATF1, ATF2, ATF3, BATF, BCL11A, CBX3, CCNT2, CHD1, CTPBP2, EGR1, ESR1,  EZH2, FOS, FOSL1, FOXA1, FOXA2, CEPBP, EP300, FOS, FOXM1, GABPB1, GATA1,  GATA2, GATA3, HDAC2, IRF1, IRF4, JUN, JUNB, JUND, MAFF, MAFK, MAX, MTA3,  MYC, NFKB1, NFIC, NR2F2, POLR2A, POU5F1, RCOR1, REST, RUNX3, SETDB1, SPDEF,  SPI1, STAT5A, SUZ12, TAF1, TAL1, TBL1XR1, TCF3, TCF7L2, TCF12, TEAD4, TRIM28,  ZNF143, ZNF217, ZNF263  WT1 AR, ARID3A, ATF3, CBX3, CEBPB, CTCF, E2F6, EP300, ESR1, FOS, FOXA1, GTF2F1, IKZF1, JUND, MAFF, MAFK, MAX, MXI1, MYC, NR3C1, POLR2A, RAD21, RFX5, SIN3A, SMARCC1, SMARCC2, SMC3, TAF1, USF1, USF2, ZNF143, ZNF263
TEX11-SLC7A3 CEBPB, CTCF, ELF1, EP300, GABPB1, MXI1, NR2F2, PML, RCOR1, STAT5A, TAL1, TEAD4, USF1, YY1
